Lipid peroxidation mediated by oxygen radical is one of the main mechanisms underlying secondary brain injury. Among all vitamin E compounds, α-tocopherol shows the most prominent antioxidative effects. It plays an important role in cell aging and injury. However, there has been no report regarding the effects of α-tocopherol on changes in brain tissue morphology after intracerebral hemorrhage (ICH), cerebral edema, or the expression of Bax and Bcl-2 proteins. We use SD rats to carry out the related studies; based on the atlas of SD rats, the caudate nucleus was positioned using a stereotaxic apparatus, and 50 μl autologous tail artery blood was injected to caudate nucleus in the ICH and α-tocopherol groups to establish ICH model. Rats in the sham surgery group received the same volume of saline in the caudate nucleus. Rats in the α-tocopherol group received intraperitoneal injections of α-tocopherol at 600 mg/kg every day. Rats in the ICH group and sham surgery group received the same amount of saline at the same times as those in the α-tocopherol group. We observed some interesting results: comparisons of brain tissue sections of rats from different groups showed that brain tissue damage and functional neurological deficits among rats from the α-tocopherol group were less pronounced than in the ICH group. Wet weight/ dry weight measurement showed that rats from the α-tocopherol group exhibited less cerebral edema than those in the ICH group. Rats from the α-tocopherol group showed less Bax expression and more Bcl-2 expression than those in the ICH group.
Introduction
ICH is a type of stroke. It accounts for 17.1% -55.4% of all strokes in China [1] . This is far higher than the 6.5% -19.6% in Western countries [2] - [4] . Common causes of ICH include hypertension, cerebral arteriosclerosis, and cerebrovascular malformation, with the former two being the leading causes [5] - [7] . In recent years, there have also been cases of ICH caused by long-term use of anticoagulants such as warfarin and aspirin [8] [9] . ICH has become a severe cerebral complication. It occurs frequently in middle-aged and elderly patients with hypertension. Due to its acute onset and fast progression, the mortality rate of ICH has remained high, and it poses a severe threat to the health of middle-aged and elderly individuals.
Currently, clinical treatment for ICH mainly involves selective surgery or non-operative treatment, as indicated by the size of the hematoma and the overall condition of the patient. Most surgeries for removal of the hematoma are minimally invasive [10] [11] . Non-operative treatments include lowering blood pressure, stopping bleeding, maintaining the internal environment, and symptomatic therapy and support. However, none of these methods are entirely satisfactory [12] - [14] . Damaged neural cells and neurological functions do not recover well [15] [16] . Studies on the treatment and prevention of ICH have been performed both in China and in other countries. Most of these have been drug studies, and there has not been much success.
After ICH, there appears a penumbra surrounding the hematoma and a drop in local blood flow. This can lead to global cerebral ischemic damage [17] - [19] . Ischemia and hypoxia can cause irreversible damage to neurons. There is also secondary brain damage, such as neuronal damage caused by free radicals, neuronal apoptosis and death, and damage caused by inflammatory cells. Of these, cell apoptosis has been subjected to the most study [20] [21] . After ICH, all neurons in the center area of the hematoma die, and neurons in the surrounding areas suffer from ischemia and hypoxia, due to the increased pressure caused by hematoma. Cerebral edema and the various destructive factors released initiate apoptosis among neurons. This plays an important role in secondary brain damage [22] - [24] . Effective methods of intervening in this process are important to the prognosis of these patients.
α-tocopherol is a type of vitamin E. It includes four tocopherols and four tocotrienols (α, β, γ, δ). All vitamin E compounds have a chroman ring, but their isoprenoid side-chains are different [25] - [28] . Many researchers reported that vitamin E compounds not only regulate endocrine responses and promote reproductive function but also exhibit antioxidative effects, especially α-tocopherol [29] - [31] . Studies have shown that α-tocopherol can reduce the extracellular concentration of oxygen free radicals. Due to its lipid solubility, it can pass through the cell membrane and reduce the intracellular concentration of oxygen free radicals, alleviating damage to cells [32] - [34] . In 2005 it was reported that α-tocopherol can prevent oxygen free radicals from attacking the proteins and unsaturated fatty acids in the cell membrane, preserving the basic function of cell membrane [35] .
In the current experiment, autologous tail artery blood was injected into the caudate nuclear region with a stereotaxic apparatus to establish animal models for ICH. Functional neurological deficits, changes in brain tissue morphology, changes in brain tissue water content, and changes in the expression of two apoptosis-related proteins Bax and Bcl-2, were observed after α-tocopherol intervention. In order to determine the protective effects of α-tocopherol on the rat nervous system and underlying mechanisms and provide a theoretical basis for the clinical use of α-tocopherol.
Materials and Methods

Experimental Animals
Healthy male Sprague Dawley (SD) rats provided by the Laboratory Animal Center, Xiangya School of Medicine, Central South University, weighing 250 -270 g, were used. (Thirty died during the experiment and the model was not successfully established in 6. These animals were replaced with new ones. The total number of rats used was 180.) All experimental procedures were approved by the Medical Ethic Committee, the Third Xiangya Hospital, Central South University. All rats were reared at 3rats/cage with standard rat feed mixture and water ad libitum. During the experiments, rats were kept at room temperature 20˚C -25˚C and humidity above 50%. Air inside and outside the room was kept clean and ventilated, and the rats were allowed free activity in the cage. Animals were randomly divided into three groups based on a random number table: the sham surgery group (n = 48), the ICH group (n = 48) and the α-tocopherol group (n = 48). Based on the time at which the animals were killed, rats in each group were further divided into 4 subgroups, 6 h, 1 d, 3 d, and 7 d sub-groups. Each subgroup contained 12 rats, among which 6 were used for measurement of brain tissue water content, and 6 were used for immunohistochemical testing.
These experiments were conducted in a double-blind conditions, including observation of HE and immunohistochemical microscope, nerve function score. We only identify the number of animal and specimen, evaluators do not know grouping situation.
Establishment of the Animal Models
Rats were fasted for 8 hours before surgery and given free access to water. The method used to establish the autologous blood ICH model was similar to that described by Rosenberg et al. [36] , in which collagenase was injected into the caudate nucleus. Specifically, the SD rat was first subjected to intraperitoneal anesthesia with 10% chloral hydrate (3 mg/kg body weight). It was then fixated in a stereotax according to the method reported by Paxinos, G et al. [37] . The interaural plane was about 2.4 mm higher than the maxillary plane, and the anterior and posterior fontanels were positioned in the same plane to the greatest extent possible. Iodine and 75% alcohol were applied for local sterilization, and a 1 -2 cm incision was made at the center of the scalp. The periosteum was cut open and isolated using surgical scissors to expose the anterior fontanel. At about 4.0 mm to the left along the sagittal line and about 0.2 mm anterior to the anterior fontanel, a hole was carefully drilled through the skull with a dental drill. Care was taken not to penetrate the dura or damage the brain tissue. A 100 μl microsyringe was used to collect 50 μl unclotted blood from the rats' tails, which had been soaked in warm boiled water at 40˚C for 10 min. Tails were punctured 1/3 to the end for blood collection. The syringe was inserted vertically into the hole on skull about 6 mm downward (corresponding to the left caudate nucleus); blood was slowly injected (over the course of about 3 min) and the microsyringe remained inserted for another 10 min before retraction. At the end of the surgery, bleeding was stopped completely, and the incision was sutured after sterilization with 75% alcohol. Rats in the sham surgery group received the same surgery, excepting that 50 μl saline instead of autologous tail artery blood was injected into the caudate nucleus. After surgery, the animal was transferred to a normal room at room temperature for recovery.
Evaluation of the establishment of the model: After the rats woke up, their neurological deficits were evaluated using Bederson neurological deficit scores [38] . When normal rats are lifted gently by the tail to a height about 10 cm above table level, their front paws are extended. Score 0: normal activity, no deficit; Score 1: When the tail is lifted, the right front limb of the rat is bent, shoulder adducted and bent; Score 2: The rat's resistance to lateral thrust force is reduced, accompanied by bent right front limb, adducted and bent shoulder; Score 3: During activity, the rat circles toward the paralyzed direction, accompanied by the symptoms listed for score 2. All rats from the sham surgery group were selected for further experiments. In the ICH and treatment groups, only animals that had neurological deficit scores higher than 2 were selected. The criteria used to exclude ICH model rats also included backflow along the needle track, subarachnoid hemorrhage, lack of hematoma on the brain tissue section, death during surgery, or loss of consciousness or death after surgery.
Post-Surgical Evaluation of the Rats' Neurological States
Using mNSS developed by Schallert et al. [39] , movement, sense, balance, and reflex were tested in the rats from all three groups. The lowest score was 0, which represents normal neurological function; the highest score was 18. Higher scores represent more severe damage to neurological function (Table 1 NSS). This evaluation was performed at the four designated points in time after surgery.
Sample Collection and Processing
Collection of fresh brain tissues: At the designated time points after surgery (6 h, 1 d, 3 d, 7 d), rats in the three groups were evaluated using mNSS assessment. They were then subjected to intraperitoneal anesthesia using 10% chloral hydrate, followed by decapitation with surgical scissors. The whole brains were removed using surgical forceps, and 4˚C cold saline was used to rinse off residual blood in the brain tissue, which was then dried with filter paper. The olfactory bulb, cerebellum, and lower brainstem were removed and discarded, and the brain tissues were stored at −86˚C for further use.
Collection of samples for immunohistochemistry testing: At the designated points in time points after surgery (6 h, 1 d, 3 d, 7 d), rats in all three groups were subjected to intraperitoneal anesthesia using 10% chloral hydrate. 1 Startle reflex (motor response to a brief noise from snapping a clipboard paper)
Seizures, myoclonus, myodystony Maximum points 18
Footnote: One point is awarded for the inability to perform the tasks or for the lack of a tested reflex; 13 to 18 points indicate severe injury; 7 to 12 points indicate moderate injury; 1 to 6 points indicate mild injury.
A transverse incision was made below the xiphisternum, and the diaphragm was cut open along the boundary between the diaphragm and the thorax to fully expose the heart. A needle was inserted into the cardiac apex, upward through the left ventricle, reaching the aorta. With the needle secured by one hand, the right atrium was cut open with surgical scissors, and a large syringe (50 ml) was used to rapidly inject 200 -400 ml 4˚C cold saline. When the fluid flowing out became clear, 4˚C 4% paraformaldehyde in PBS was injected. After a period of time, the four limbs of the rat started to twitch, the tail and the body became relatively stiff, and the liver turned pale. At this point perfusion was stopped, and surgical clamps and scissors were used decapitate the rat and remove its brain, which was first fixated in 4% paraformaldehyde for one day, then stored in tissue preservation solution for further use.
Immunohistochemical Tests of Bax and Bcl-2
Dewaxed brain tissue slides were placed in citrate buffer (0.01 M pH 6.0) to boil. After cooling at room temperature, slides were rinsed three times with PBS buffer, then incubated in 3% H2O2 solution (to block to block endogenous peroxidase) at 37˚C for 20 min, followed by three rinses with PBS buffer. The slides were incubated with Bax and Bcl-2 antibodies (1:150) in a 4˚C refrigerator overnight. After rinsing with PBS buffer, corresponding anti-rabbit secondary antibody solution (1:400) was added for incubation at 37˚C for 30 min. Then HRP-labeled streptomycin avidin working solution was added for incubation at 37˚C for 30 min. The slides were subjected to DAB staining, hematoxylin counterstaining, and mounted with neutral resins after serial dehydration. They were then dried and subjected to microscopic examination. All brain tissues were sectioned coronally, with the needle track at the center. The slides were observed under ×10, ×20, and ×40 objective lenses, respectively. The positive cells were counted under the same illumination intensity (4.0) and a ×400 lens. For each rat, 3 coronal slides of brain tissue taken from the same location were used, and the positive cells were counted in 4 non-overlapping fields. The mean was calculated and used as the number of positive cells.
Quantitative Real-Time PCR
Extraction of total RNA of whole cerebrum and qRT-PCR were performed as described previously [40] . The following were the sequences of primers: for Bcl-2:5'-ACTTTGCAGAGATGT CCAGTC AG-3' and 5'-GTTCAGGTACTCAGTCATCCACAG-3'; for bax: 5'-GGA GGAAGTCCAGTGTCCAG-3' and 5'-TGCAGAGGATGATTGCTGAC-3'; and for GAPDH:5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3'. The 2-△△CT method was used to assess the relative expression of target genes and the final data were described as fold changes against control tissues.
Measurement of the Water Content of Brain Tissues
The wet weight/dry weight method was used to measure the water content of the brain tissues collected from the experimental animals. The left and right hemispheres of the harvested brains were cut into and their wet weights were measured (accuracy 0.1 mg). Then the brain tissues were dried in an oven at 100˚C for about 24 hours. They were weighed repeatedly until the measurement remained the same. Water content of brain tissue = [(wet weight of the brain tissue-dry weight of the brain tissue)/wet weight of the brain tissue] × 100%.
Statistical Analysis
After these experiments, all data were analyzed using SAS statistical software (SAS ver. 9.2; SAS Institute Inc; North Carolina, USA). All data are represented as mean ± standard deviation. For multiple comparisons between the groups was performed using ANOVA and LSD testing, comparison between left and right hemisphere was analyzed using paired-t test. At P < 0.05, the difference was considered statistically significant.
Results
HE Staining
Pathological testing showed that, in rats from the sham surgery group, the brain tissues nearest the needle track exhibited only minor damage, and there was no notable change in cell arrangement (Figure 1(I) ). In rats from the ICH group, a large number of red blood cells were observed surrounding the hematoma. Inside the hematoma, there was serious brain tissue necrosis and substantial neural cell loss. Large vesicular regions were observed around the hematoma, indicative of severe cerebral edema; infiltration of inflammatory cells was also notable. Rats from the α-tocopherol group showed less damage to the neural cells and less infiltration of inflammatory cells than those in the ICH group. In rats from the ICH group, at 6 h, the neurons were swelling visibly, and edema had begun started. At 1 d, edema became notable, and there was some neural cell loss; staining was light, and the cell bodies were smaller than normal with increased intercellular space. The cell nuclei were deformed, and the nucleoli were barely visible. At 3 d, in the area where the edema was severe, the neural cells had shrunk in volume, and the brain tissue had become loose. Foam cells appeared, accompanied by karyopyknosis, loss of Nissl bodies, and infiltration of inflammatory cells such as neutrophil granulocytes and lympho-cytes. At 7 d, the brain tissue edema had become somewhat alleviated, showing reduced neural cell swelling and fewer inflammatory cells. The number of macrophages had increased, and overgrowth of glial cells and fibrous tissue was visible (Figures 1(a)-(d) ). In rats from the α-tocopherol group the edema was less severe at every point in time, and there were fewer inflammatory cells and less neural cell necrosis (Figures 1(e)-(h) ).
Result of Evaluation on Neurological Function
In rats in the sham surgery group, damages to the surrounding brain tissues during the saline injection procedure caused some short-term functional neurological deficits after waking. They had recovered by 3 d. Rats in the ICH group however, influenced by hematoma, exhibited abnormal neurological function and losses of different degrees in movement, sense, balance, and reflexes. The mNSS score was relatively high, and the conditions were most severe at 3 d. This was significantly different from rats in the sham surgery group (Table 2 P < 0.01). Rats in the α-tocopherol group showed less pronounced deficits in movement, sense, balance, and reflexes and a significantly lower mNSS scores than ICH rats (Table 2 P < 0.05).
Changes in the Water Content of Brain Tissues Following ICH
Cerebral edema started 6 hours after ICH and peaked on 3 -7 d. At 6 h, 1d, 3d, and 7d, rats in the ICH group exhibited greater brain tissue water content than rats in the sham surgery group, and the difference was statistically significant ( Table 3, * P < 0.05). Rats in the α-tocopherol group showed significantly less cerebral edema on the surgical side and significantly less water content than rats in the ICH group ( Table 3, # P < 0.01). When comparing the two hemispheres, only rats in the ICH model group showed significantly different levels of brain tissue water content (Table 3, Footnote:
* statistically significant differences between the α-tocopherol and the ICH groups, P < 0.01, # statistically significant difference between the α-tocopherol and the sham surgery groups, P < 0.01. * Rats in the ICH group showed significantly more brain tissue water content than rats in the sham surgery group P < 0.01; # Rats in the α-tocopherol group showed significantly less brain tissue water content than rats in the ICH group, P < 0.01; ▲ When comparing the two hemispheres of rats in the ICH group, the water content of brain tissue from the left hemisphere, the surgical side, was significantly higher, P < 0.05.
Changes in Bax Expression in Rat Brain Tissues
Bax-positive cells were observed in brain tissues surrounding the hematoma. Most Bax was expressed in the cytoplasm, some in the cell membrane. Bax was stained mostly brown, and the overall outline of the cells was readily visible. In the brains of rats from the sham surgery group, only a small amount of Bax positive expression was observable and only near the needle track, not elsewhere. In rats from the ICH group, Bax expression started at 6 h, peaking at 1 d, after which it started to decrease. At 7 d, a small amount of Bax expression was still observable (Figures 2(a)-(d) ). Bax expression in the brain tissue of rats from the α-tocopherol group were significantly lower than in the ICH model group at all corresponding points in time ( Table 4 , P < 0.05; Figures  2(e)-(h) ). Results of real time PCR showed that the expression of Bax in α-tocopherol-treated rats were lower than that of ICH group (Figure 3). 
Changes in Bcl-2 Expression in Rat Brain Tissue
Bcl-2 expression was mainly observed in the cytoplasm and the cell membrane. It was mostly stained brown. The expression was concentrated in brain tissues surrounding the hematoma, and the overall outline of the cells was visible. In rats from the sham surgery group, a small amount of Bcl-2 expression was observed near the needle track. In rats from the ICH group, Bcl-2 expression started at 6 h and gradually increased after 1 d, peaking at 3 d. At 7 d, Bcl-2 expression had started to decrease (Figures 4(a)-(d) ). Rats in the α-tocopherol group showed significantly more Bcl-2 expression than rats in the ICH group (Table 5, # P < 0.05; Figures 4(e)-(h) ). Results of real time PCR showed that the expression of Bcl-2 in α-tocopherol-treated rats at 3 d and 7d were higher than that of ICH group (Figure 5 ).
Discussion
Animal experiments have demonstrated that when ICH occurs, edema forms, and the neurological functions of the rats are influenced to different extents. As time passes, ischemia and hypoxia start near the hematoma, and vasoactive substances and free radicals are released, inducing a series of changes, such as lipid peroxidation and cell apoptosis. Multiple destructive substances are released during hematoma absorption. All these aggravate damage to the neurological functions [41] [42] . In the current study, at 6 h, partial functional neurological deficit Table 4 . Bax expression in brain tissue surrounding the needle track in rats from different groups (n = 6). Footnote: * Bax expression in rats from the ICH group was significantly higher than in the sham surgery group, P < 0.01; Bax expression in rats from the α-tocopherol group was significantly lower than in the ICH group, # P < 0.05, ▲ P < 0.01. Table 5 . Bcl-2 expression in brain tissue surrounding the needle track in rats from different groups (n = 6). Footnote:
* Bcl-2 expression in rats from the ICH group was significantly higher than in the sham surgery group, P < 0.01; # Bcl-2 expression in rats from the α-tocopherol group was significantly higher than in the ICH group, P < 0.01. was caused by cerebral edema, ischemia, and hypoxia. As the cerebral edema, ischemia, and hypoxia became worse, cell apoptosis began, and secondary brain damage also became aggravated. At 3 d, the functional neurological deficit of the rats was most severe. With the alleviation of the edema and neural cell compensation, the neurological function was later partially recovered. Clinically, most ICH patients also go through a process in which their neurological function gradually becomes more damaged, followed by a slow recovery. Patients with severe ICH die in a short amount of time due to severe brain damage. Cerebral edema and cell apoptosis play important roles in the functional neurological deficits that follow ICH [43] [44] .
Studies have shown that vitamin E is a natural antioxidant and can counteract free radicals. Among all vitamin E compounds, α-tocopherol has the most prominent antioxidative effect. In 2006, Castrol et al. found that α-tocopherol showed a strong inhibitory effect on free radicals in in vitro culture of brain homogenate [45] , Flanary reported that vitamin E could induce profound microglial proliferation [46] . This effect was even stronger than that of the well-known microglial mitogen granulocyte macrophage-colony stimulating factor.
The results of mNSS evaluation show that, rats in the α-tocopherol treatment group had significantly lower mNSS scores than those in the ICH group. This suggests that α-tocopherol can mitigate the functional neurological deficit in rats following ICH. Previous experiments have demonstrated that, after ICH, a large number of free radicals are produced, and these free radicals can induce the oxidative stress response. Studies have shown that when brain vascular smooth muscle cells are exposed to free radicals, their outward current increases, and membrane resistance decreases [47] [48] . The cells shrink and membrane vesicles appear. Eventually the cells die. In this way, free radicals may be one of the main causes of cerebrovascular spasm. Experiments have confirmed that the formation of free radicals and oxidative damage play important roles in acute central nervous system injury [49] . Active oxygen and active nitrogen are produced shortly after mechanical shock. One key component is the induction of lipid peroxidation. The formation of peroxide and lipid peroxidation cause irreversible damage to the function of lipids and the proteins of the cell membrane, leading to excitatory toxicity mediated by ionic equilibrium and glutamic acid, mitochondrial respiratory function failure, and microvascular damage.
More recent studies have shown than the cell membrane of neurons in the brain contains a relatively large amount of polyunsaturated fatty acid. The double bonds in an unsaturated fatty acid are prone to the effects of free radicals and lipid peroxidation reaction occurs, damaging the structure and function of the membrane [50] . Damages to the membrane function decrease ATP production. α-tocopherol is oxidized easily. It is through reduction of oxygen radicals, inhibition of lipid peroxidation, and peroxidation of cells in the brain (including vascular endothelial cells and neurons) that the damage to the neural cells is alleviated and the normal function of neural cells can be recovered.
α-tocopherol is a type of vitamin E. It has a relatively strong protective effect against oxygen free radicals, and studies have shown that α-tocopherol can clear the free radicals that form after brain trauma. We deduced in our experiment that α-tocopherol's ability to reduce the concentration of these free is the key element to its protective effects. This is why it can also inhibit peroxidation of neural cells, preserve the function of the cell membrane, counteract free-radical-induced damage to the blood-brain barrier, and so alleviate cerebral edema and brain tissue damage [40] .
More and more studies have shown that cell apoptosis is heavily involved in secondary brain damage. At present, the Bcl-2 gene family and related proteins are receiving the most attention. Bcl-2 is an apoptosis-related gene, and it was the subject of many early investigations [51] . Bcl-2 proteins can be divided into two categories based on their functions. The proteins in the first category inhibit cell apoptosis. These include such proteins as Bcl-2, Mcl-1, and Bcl-xl. The proteins in the second category promote cell apoptosis. These mainly include such proteins as Bax, Bid, Bik, Bad, and Bcl-xs. Current studies on Bcl-2, Bax, and related proteins are relatively indepth [52] [53] .
Our study demonstrated that after experimental ICH, notable amounts of cell apoptosis surrounding the hematoma were observed. This condition became aggravated from day 1 to day 3, after which it became less pronounced. This was accompanied by increased expression of Bcl-2 and Bax. Our results showed that in rats from the ICH group, Bax expression started early (6 h), peaking at 1 d, and decreasing afterwards. At 7 d a small amount of Bax expression was still detectable. In rats from the α-tocopherol group, Bax expression was significantly lower than in the ICH group at every point in time. Bcl-2 expression peaked relatively late but was still observable at 6 h. It increased after 1 d, peaking at 3 d, and had been found to decrease at 7 d. Tats from the α-tocopherol group showed significantly higher Bcl-2 expression than the ICH control group at all points in time.
The mechanisms underlying the anti-apoptosis effect of α-tocopherol are as follows. Down-regulation of Bax expression in the brain tissue surrounding the lesion inhibits the release of cytochrome C, but up-regulation of Bcl-2 expression changes the permeability of the mitochondrial membrane and the activation of cysteine. In this way, cell apoptosis after ICH is alleviated by reducing DNA damage. Α-tocopherol clears free radicals, decreasing lipid peroxidation and preventing damage to the cell membrane, protecting its permeability being affected, reducing Ca 2+ influx, and eventually alleviating cell apoptosis. Our experimental results show that α-tocopherol can decrease damage to the neural cells following ICH and significantly alleviate functional neurological deficit. α-tocopherol can protect the brain after ICH by alleviating cerebral edema, up-regulate Bcl-2 expression, and down-regulate Bax expression, thus protecting the brain by reducing the rate of cell apoptosis after ICH. Although the details of the pathway still need further investigation, our results strongly suggest that α-tocopherol may be an effective approach to the treatment of secondary brain damage.
